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Fluorinated monomers such as sulfur hexafluoride SF6 and carbon tetrafluoride CF4 are widely used, at low gas pressuns in plasma etching of silicon and insulating substates for microelectronic applications, and at high pressures in high voltage insulation systems. 'Lhis paper reports on the decomposition of SFg. CF4 and their mixtures by a noncquilibrium plasma and their interaction with polyethylene films. The presence of oxygen and water vapor as trace contaminants and their role in the decomposition mechanisms were pointed out both by mass s p e c t r o m~ and optical emission spectroscopy. The comparison of the results obtained by kinetic calculations and those measLlfed by surface and plasma diapwic techniques bought evidence on the participation of the fluorine atoms in the hetcrogmaws mechanisms. Finally, the effect of the addition of a fluorine containing molecule such as CF4 to SF6 discharges on the energetic aspect of the discharge. the decomposition mechanisms and the fluorination processes will be discussed. The excitation efficiency of the electrons was correlated to the fluorine concentration as measured by actinometry and to surface fluorination as shown by the XPS analysis.
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Over the past twenty years, the use of compressed gaseous SF6 as an insulating medium in HV power systems has increased significantly due to its high dielectric strength, chemical inermess and extremely low toxicity. The fact that SF6 has a very good dielectric slrength is due to its relatively large QOSS section f a apaching low-energy elecmns [14] . This leads to the removal of the electrons from the gas under electrical stnss by formation of negative ions and constitute an important process in inhibiting the initiation and the growth of the electrical discharges. Total electron scattering cross sections, dissociative and nondissociative electron attachment cross sections have been mcasured by Christophorou et al [5] and Van Brunt et al 161 for sF6 as well as for the by-products. such as SOF2, SQF2. SF4 and SQ. that can be formed in the electrical discharge of SF6 formation of products such as S2F10. SOF4, HF, SQF2, and SOF2. These fundamental decomposition and oxidation processes have been investigated in glow and corona discharges at mospkric pressllre as a fwrction of the gas tempexam and / or the electric field to gas density ratio [11, 12] . As a result of these fundamental reactions taking place in the presence of such contaminants @I20 and 02), the electrical breakdown voltage measured by Berger et al in HV power systems and in the presence of insulators such as PP and PET, was reduced [13] . The presence of impurities modified the discharge mode in corona discharges. The role of water was to enforce the decrease of the bmkdown voltage at high pressures. Negative ions such 3s OH-(H20)n have been identified by mass spectromeay [I31 and accounted with other ions such as (HzO)n, H20-(H20)n for the discharge mode modification. The effect of coronas on insulating surfaces such as epoxy resins leads to the formation of a surface water layer both by rransport phenomena or polymer etching and accelemes polymer ageing [14,151. Figure 1 shows the drawing of the low-pwsure plasma reactor used for the surface treatment of polyethylene films with a nonsynunetricalantiwon of electrodes. The power is coupkd to the reactor fnm an rf generator (13.56 MHz) via a suitable impedance matching netwoh Full derails on the opaating conditions are given elsewhere 1321.
EXPERIMENTAL
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Effluents were pumped through a capillary tube from the interelectrode space up to a leak valve installed on line with a Balzers QMG 420 quadrupole mass spectrometer. Neutral species were ionized by using the electron impact ionizer of the mass spectrometer set at 70 eV for comparison with published fragmentation patterns. If a peak results from several compounds, mass interference corrections were made, based on these patterns. Transmission coefficients calculations were not included in the measurements, however, in our case, for a given gas mixture the ratio of the parent peaks was about the same as that of the corresponding molecules in the gas feed. The pressure in the ionization chamber was held at 3. lo4 Pa by varying the leak rate through the sampling valve. . .
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The emission spectra &thg from the interaction of the sF6 plasma with polyethylene are shown in figure 2 for two different treatment times (tcl0 min and t > 10 min) after the plasma ignition. These spectra c m to a shift of the discharge color from pink (0) to blue ((3) due to the emission of the third positive system of B + A I l l transition of CO bands. This is an indication of the polymer surface &@ation since CO is not a by-product of the input gases. and consequently results only &om the surface etching of the PE Nm. The and Hp lines of the Balma serie were also observed and is witness to the polymer surface degradation.
'
3500 4500 5500 6500 7500 The intensity of the fluorine line observed at 7037 A shows that it decreases with the treatment duration. This can be related to its consumption both through homogeneous and heterogeneous mechanisms as it will be shown in next sections.
No emission bands pertaining to CH, CS or S2 were observed as it has been shown by Gilbert et al [35] who have detected these bands on SF6 mated polymers such as teflon and epoxy resin. However, in the case of PE only CH and CS bands were detected. The latter was due to the pnsence of CS2 in significant qmtity among the degradation products whereas the absence of S2 was suggested to be due to its quenching by species other than hydrogen present in the discharge. S2 has also been identified by Greenberg et al[36] and by Sadeghi et al[37l. In the lattex case, the emission of S2 bands was enhanced in the presence of etched material due to the consumption of the fluorine atoms by the consumable substrate. In order to obtain CS2 or S2 molecules in SF6 discharges, an important pfixzss for the decomposition of this gas is the stripping of all the fluorine atoms. The lower value of the injected power in our case as compared to that used by Gilbert et al and Sadeghi et al(100 W) can explain why the above sulfur containing molecules have not been detected.
Some of the bands observed correspond to the emission of the nitrogen and were used to characterize the energetic aspect of the discharge. The ratio of first negative system of N2+ at 391.4 nm and that of the second positive system of N2 at 394.3 nm has been used to estimate the mean electron temperahlre of the plasma [38]. Under these operating conditions Te was estimated to be around to 5 eV. m.12. Figure 3 shows the evolution of the etch products as a function of the treatment time before and after the p l m a ignition. It can be clearly seen that the ion mass intensity at We = 28 attributed to CO increases significantly 10 mmutes after the plasma ignition, which is in agreement with the optical emission spectroscopy results. Note that residual nitrogen can. entirely account for the peak intensity at m/e = 28 before the plasma is put on. One can also wtc the incnase after the plasma ignition of the ion mass signal at m/e = 69 assigned to CF4 molecuk. This has also been shown by Turban et al [16] i.e: CF4 was the main gaseous product resulting tkom etching of polyimide with pure SF6 or with SFd@ mixtures containing up to 20% oxygen. Furthemon. the ion mass signal at m/e = 18 c -' g to H20 also increases. This can be due either to water desorption from the polymer and the walls of the apparatus, or to the polyma etching. comparison with experiments that we performed on polyWratl~thylene, a non-hydrogen containing substrate, showed that both desxption and oxidation phenomena are responsible far the water peak increase. The observation of the ion mass signal at m/e = 67 assigned to SOF2 shows that its intensity increasea rapidly after the plasma ignition. A reaction scheme involving atomic oxygen and warn vapor has been proposed by dif€emts authors in order to explain the SOF2 formation. 7-SOF2 +O + S@F2
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are the major sources of S@F2 formation in low-pressure SFg/02 plasmas. The absence of S@F2 in our case can be explained by the fact that molecular oxygen is only present as traces (reactions 5 and 6 can thus be excluded) and is completely dissociated to atomic oxygen (as measured by mass specnanetry). However, the cwntcation of the lam remains very low to let reactions 7,8 and 9 occur assuming SOF2 as a precwsor for S@F2.
300-10 minutes after Plasma ignition
the plasma ignition . .
~I.1.3. p e bv XPS
X-ray photcelectron spectroscopy measurements (XPS) were performed both on pure sF6 ueated fims and unmeated polymers. Full derails about the operating conditions have been given elsewhere [32]. The results confmed the above observations i.e for short treatment times (t< 10 min) highly fluorinated groups (p? and CF3) were detected at the surface.
Decomposition of gaseous dielectrics
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The mass of the polymer increased after the treatment due to the substitution of H atoms by fluorine. On Results were then compared with those calculated by a kinetic model which account only for reactions occuring in the gas phase in order to obtain a better understanding of the processes that occur both in the gas phase and in the gas-did intedam.
Figures 4 to 7 show the variation of the relative concamtion of various gaseous products as a function of the gas mixture in %-SF6 plasmas. These curves clearly dunonstrate that for low percentages of % (input 02 c 10%) SOF2 (figure 5) and CF4 (figure 7) are the most dominant gaseous products whereas for higher mntents in 02, the etching of PE gives rise to effluents such as CO, (2% S%, S02F2, SOF4 and HF with a greater contribution of the latter (figure 4) due to the F + H20 + HF + OH P91 reaction of atomic fluorine with water vapor i.e : k-1.1. 10-l1 cm3.s-l and with hydrogen resulting from the polyma degradation. It can be pointed out that the trends of the calculated (figures 8a, 8b) and the measured concentrations (figure 6) are similar for the oxyfluorinated species such as SOF2, SOF4 and S e F 2 . On the contrary, the mend of the fluorine concenaation exhibits a completely different behaviour as compared with that of the experimental data (figure 9).
However, the relative concentrations of the oxyfluorinated species are different i.e: the measured concenuation of S@F2 as compared to that of SOF2 and soF4 is higher than that predicted by the model. As reported by Van Brunt et al, the formation of S@F2 seems to require a reaction of SF2 with molecular oxygen rather than water vapor. This could be explained by the acid-base properties of the above reactants.
Indeed, excited singlet 02 (lAg) has a lifetime of 45 minutes and presents a vacancy in its configmation. This confers to it acidic properties according to Lewis and can account for its reaction with SF? which can conseuuentlv react only as a . .
(IS afwrction of oxygen percentage in the gas feed.
As the reaction of SF2 with 02 ( 'Ag) has not been taken into account in the kinetic model, it could explain the discrepencia which exist between the relative concentrations measund and those calculated.
Decomposition of gaseous dielectrics
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One can clearly see that the. FldCls ratio increases with ireaiiment time and remains mutant (ova the enalyzeddeph) afta a few seconds. The Cls spectrum revealed various fluorine containing m o i h such as CF. CF2 and CF3 which proves the 1 .
fluorination of the carbon network and confirms our previous assumption on the fluorine participation in the gas-polymer Ab-initio calculations WQC made based on the functional density method, and using the DMol software developed by Biosym Society. Preliminary results showed no interaction between CF2 in its fundamental state with propaae whileas orbital overlapping of F and SF2 radicals with those of prapene was mure likely to occur when approaching these species to the polymeric modet F d e r studies an needed in order to know man about the reactivity of these species undet a given electric field and their interaction with the polymer targets.
"he broad continuum centered at 290 nm which has been assigned to the emission of CF2* [41] has been observed in CF4 containing mixtures. Its intensity was maximum when approximatively 10% of SF6 was added to CF4 plasmas. 1.-' a P the electron density. Since the electron temperam remained constant for these mixtures, the decrease of the excitation efficiency can thus only be explained by the decrease of the electrcn density.
is well explained by the electron attachment and dissociative electron attachment processes which are known to be important in sF6 discharges. The electron energy distribution is consequently shifted to higher mean electron energies. Fluorine concentration as measured by actinometry is plotted versus the composition of the gas feed (figure 13). It exhibits two maxima one in CF4 dominant mixtures, the other in SF6 dominant mixtures. In fact, this figure can be divided in three domains. The first one corresponds to an sF6 percentage less than 10% whae an increase. then a maximum for the fluorine concentration is observed. The second domain is for SF6 percentages varying from 20% to 80% where fluorine atoms concentration decreeses. In both cases, the results an well m l a t e d with the variation of the Ar line intensity observed by actinometry. The third domain is for SF6 rich mixtuns (> 80%) whae once again another maximum is observed for F atoms concentration. Since the argon intensity line dccrwcs and the mcan e l m temperature remains constant, the dissociation mechanism of SF6 Q CF4 by direct electrcn impact cannot explain the second &um obsaved. Theaefore, the increase of p e 0 1 .
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m, in this case, may be due to other reactions taking p k e in the discharge leading to the famation of fluorine atom.
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The variation of the FldCls ratio, measured by XPS, as a function of the % SF6 is displayed in figure 15 . EDF-DER is acknowledged for its financial support.
